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ABSTRACT
We present the luminosity dwell-time distributions during the hard states of low-mass X-
ray binaries containing a neutron star, 4U 1608−52 and Aql X-1, observed with MAXI/GSC.
The luminosity distributions show a steep cut-off in the low-luminosity side at ∼ 1.0× 1036 erg
s−1 in both the two sources. The cut-off implies a rapid luminosity decrease in their outburst
decay phases, and the feature can be interpreted as due the propeller effect. We estimated the
surface magnetic field of the neutron star to be (0.5–1.6) ×108 G in 4U 1608−52 and (0.6–1.9)
×108 G in Aql X-1 from the cut-off luminosity. We applied the same propeller mechanism to
the similar rapid luminosity decrease observed in the transient Z-source, XTE J1701−462, with
RXTE/ASM. Assuming that spin period of the neutron star is in the order of milliseconds, the
observed cut-off luminosity deduces surface magnetic field in the order of 109 G.
Subject headings: Stars: neutron — X-rays: binaries — X-rays: individual (Aql X-1, 4U 1608−52,
XTE J1701−462) — X-rays: propeller effect
1. Introduction
Low-mass X-ray binaries with a neutron star
(NS-LMXB) consists of an old weakly-magnetized
neutron star (NS) (< 1010 G) and an evolved late-
type companion star. According to their timing
properties and spectral variations represented by
color–color and hardness–intensity diagrams, NS-
LMXBs are classified into two groups: Z sources
and Atoll sources (e.g., Hasinger & van der Klis
1989). However, what causes the difference be-
tween the Z sources and the Atoll source, is still
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under debate.
A theoretical study of the NS magnetic field
evolution due to the accretion suggested that the
magnetic field of Z sources (∼ 109 G) are greater
than those of Atoll sources (∼ 108 G) (Zhang
& Kojima 2006). This agrees with the following
observational results. The magnetic field of a Z
source, Cyg X-2, was estimated to be 2.2× 109 G
from the observed horizontal-branch oscillations
and the beat frequency model (Focke 1996). Those
of Atoll sources, 4U 1608−52 and Aql X-1, were
estimated to be (1.4–1.8) ×108 G and 1 ×108 G,
respectively from the presumable propeller effect
(Chen et al. 2006; Zhang et al. 1998a; Campana
et al. 1998). 1 Regarding 4U 1608−52, Weng and
Zhang (2011) also derived an estimate of ∼ 108 G
1 Their values were calculated assuming a distance of 3.6 kpc
for 4U 1608−52 and that of 2.5 kpc for Aql X-1. In this
study, we employ distances of 4.1 kpc and 5.0 kpc for
4U 1608−52 and for Aql X-1, respectively. If these val-
ues were applied in their study, their magnetic field values
would be (1.6–2.0) ×108 G for 4U 1608−52 and 2 ×108 G
for Aql X-1.
1
from the interaction between the magnetosphere
and the accretion flow. On the other hand, the
magnetic-field strength of a transient Z source
XTE J1701−462, which exhibited the transition
from the Z-type to the Atoll-type in the color–
color diagram during the outburst decay phase
(Homan et al. 2010), was estimated to be ∼(1–
3) ×109 G from the interaction between the mag-
netosphere and the radiation-pressure-dominated
accretion disk (Ding et al. 2011). However,
Titarchuk, Bradshaw, and Wood (2001) suggested
that both Z sources and Atoll sources have a very
low surface magnetic fields of ∼ 106–107 G based
on their magneto-acoustic wave model and the ob-
served kHz QPOs.
As for the two Atoll sources, 4U 1608−52 and
Aql X-1, further fine state-transition behaviors
were investigated. Wachter et al. (2002) and
Maitra and Bailyn (2008) identified three distinct
states: Outburst, extended Low-Intensity state
(LIS), and True Quiescence (TQ) from the cor-
relation between X-ray and optical or IR data.
Matsuoka and Asai (2013), hereafter referred to
as MA2013, proposed four states; Soft, Hard-
High, Hard-Low, and No-accretion (recycled pul-
sar) state according to the mass-flow rate and the
NS magnetic-field strength. The Soft and the
Hard-High states are characterize by the accre-
tion disk states, which are optically thick (Soft)
or thin (Hard-High). The two Hard states, Hard-
High and Hard-Low, are classified in terms of the
propeller effect. As the mass accretion onto the NS
decreases, its magnetosphere expands, and then
the accretion flow is finally restricted by the cen-
trifugal barrier in the Hard-Low state.
Although a number of observational evidences
indicating state transitions featured by a simul-
taneous flux and spectral change have been ob-
tained so far, these interpretations on the under-
lying physical process are still rather confused.
Chen, Zhang, and Ding (2006) and Zhang, Yu, and
Zhang (1998) proposed the propeller effect for an
interpretation on observed flux decreases accom-
panied with soft-to-hard state transitions. How-
ever, Maccarone and Coppi (2003) pointed out
that the propeller effect is not a sole cause for
all the observed state transitions; they reported
that the luminosity in the Hard-to-Soft transition
in the rising phase is greater than that in the Soft-
to-Hard transition in the decay phase by a factor of
∼5 or more. If the propeller effect is the sole cause,
both the transitions in the rise and the decay may
occur at the same luminosity. MA2013 proposed
the four-state picture including both the inner disk
transition (Soft to Hard-High,Abramowicz et al.
1995) and the propeller effect (Hard-High to Hard-
Low) to explain the behaviors of 4U 1608−52 and
Aql X-1, as mentioned above.
In this paper, we present luminosity dwell-
time distributions of 4U 1608−52, Aql X-1, and
XTE J1701−462, and propose the consistent in-
terpretation of these profiles base on the pro-
peller effect with their intrinsic magnetic fields.
This also makes observationally develop the sim-
plified picture of various NS-LMXB states pro-
posed by MA2013. In section 2, we describe
the MAXI/GSC observations of 4U 1608−52 and
Aql X-1, and the data analysis. There, we report
the rapid luminosity decreases in the outburst de-
cay phases and determine the cut-off luminosities
from the luminosity dwell-time distributions. In
section 3, we estimate the magnetic-field strengths
from the cut-off luminosities. We discuss the va-
lidity of the propeller effect interpretation base on
the obtained parameters. Subsequently, we apply
the same method to XTE J1701−462 RXTE/ASM
light curve, and summarize the results in section 4.
2. Observation and Analysis
The GSC (Gas Slit Camera: Mihara et al. 2011;
Sugizaki et al. 2011a) on the MAXI (Monitor of
All-sky X-ray Image: Matsuoka et al. 2009) pay-
load detected two outbursts from 4U 1608−52 and
three outbursts from Aql X-1 from August 2009
to September 2012 (MJD = 55058–56180) (Morii
2010, Sugizaki et al. 2011 for 4U 1608−52 and Ya-
maoka et al. 2011 for Aql X-1). We used the GSC
2–10 keV light-curve data on the public archive 2
provided by the MAXI team. We also utilized
the 15–50 keV light-curve data provided by Swift
(Gehrels et al. 2004)/ BAT (Burst Alert Tele-
scope: Barthelmy et al. 2005) team. 3 The GSC
count rates are converted to the luminosities by
assuming that the spectrum is Crab-like (Kirsch
et al. 2005) and employing the source distances of
4.1± 0.4 kpc in 4U 1608−52 and 5.0± 0.9 kpc in
Aql X-1 (Galloway et al. 2008).
2<http://maxi.riken.jp/>.
3 <http://heasarc.gsfc.nasa.gov/docs/swift/results/transients/>.
2
Figure 1 shows GSC light curves, BAT light
curves, and the BAT/GSC hardness ratios for
4U 1608−52 and Aql X-1. We identified the spec-
tral state (Soft state or Hard states) from the
BAT/GSC hardness ratio using the same method
in Asai et al. (2012). The mark “S” in figure 1
indicates the Soft state period which is clearly rec-
ognized by the hardness ratio of BAT/GSC. A
rapid decrease of GSC luminosity in the 2–10 keV
band is seen at the transition time from the Soft
state to Hard state. This rapid luminosity de-
crease and spectral hardening occurred by the in-
ner disk transition proposed by MA2013. The
roman numerals in the figures denote the Hard-
state periods. These Hard-state periods can be
divided into two sub-states: one with a luminosity
at around ∼ 1036 erg s−1 and another with that
below the detection limit (∼ 3 × 1035 erg s−1).
The two sub-states correspond to the “Hard-High”
and the “Hard-Low” states, respectively, defined
in MA2013. They are also considered to coincide
with the LIS and the TQ in Wachter et al. (2002),
respectively, from the levels of X-ray intensities in
the sub-states. These sub-state periods are sum-
marized in table 1.
While the Hard-High states are clearly recog-
nized in the three hard states, 4U 1608−52 (I),
4U 1608−52 (III) and Aql X-1(II), they are hard
to see in the other hard states, that is, 4U 1608−52
(II), Aql X-1 (I), Aql X-1 (III), and Aql X-1 (IV).
In the latter cases, the source changed immedi-
ately from the Soft state to the Hard-Low state;
thus we cannot discriminate the level of the Hard-
High to Hard-Low transition at which the pro-
peller effect occurred. To investigate the propeller
effect hereafter, we focus on the former three peri-
ods, 4U 1608−52 (I), 4U 1608−52 (III) and Aql X-
1(II).
In figure 2, light curves of the selected three
Hard-state periods are magnified. All the three
curves show a rapid decrease when the luminosity
decreased below the threshold of ∼ 1036 erg s−1.
We call the threshold luminosity starting the rapid
decrease “cut-off luminosity”. In order to evaluate
the cut-off luminosity, we create luminosity dwell-
time distributions during the three Hard-state pe-
riods in figure 3. In the Appendix, the luminos-
ity distributions for typical light-curve profiles are
presented.
In the period 4U 1608−52 (I), the luminosity
distribution has a peak at 0.015×1038 erg s−1 (fig-
ure 3a), which corresponds to the flux plateau in
the Hard-High state (figure 2a). In the luminosity
below the peak, the dwell-time is very small. This
implies that the luminosity decreased rapidly be-
low the Hard-High plateau. Therefore, the cut-off
luminosity is 1.0× 1036 erg s−1 from the luminos-
ity distribution. In the period 4U 1608−52 (III),
rapid luminosity decrease occurred several times
at several luminosity levels (figure 2b). This vari-
ation of cut-off luminosity is also seen in the dwell-
time distribution in figure 3b, in which the cut-off
luminosity is ranging in (0.75–1.0)×1036 erg s−1.
We adopted the common value for the cut-off lu-
minosity of 4U 1608−52 to be 1.0×1036 erg s−1.
In the period Aql X-1 (II), the rapid luminosity
decrease is clearly seen. The cut-off luminosity
is estimated from the lower edge of the peak in
the histogram to be 1.3× 1036 erg s−1 (figure 3c).
These cut-off luminosities are also indicated in fig-
ure 2 by dashed lines.
These rapid luminosity decreases occurred in
the Hard-state periods (from Hard-High to Hard-
Low), and thus differ from the state transition due
to the inner disk transition (from Soft to Hard-
High). Namely, the rapid luminosity decrease oc-
curred at the luminosity lower than the transition
luminosity of the Soft-to-Hard-high.
3. Discussion and Application
3.1. Surface Magnetic Fields Derived from
Luminosity Dwell-Time Distributions
We extracted luminosity dwell-time distribu-
tion during the Hard-state period including both
the Hard-High and Hard-Low, and determined
the cut-off luminosity below which the luminosity
start to decrease rapidly. This cut-off luminosity
corresponds to the transition luminosity from the
Hard-High to the Hard-Low, when the propeller
effect become effective (MA2013). If the cut-off
luminosity is due to the propeller effect, we can
derive the surface magnetic field on the NS (B)
using the following equation (MA2013): 4
B = 2.6× 107η−7/4
(
P
1 ms
)7/6(
L
1036 erg s−1
)1/2
4 Here, an orthogonal dipole magnetic field is assumed and
the relations Pmag = B2/(4pi), µ = BR3 are used, following
Ghosh and Lamb (1979).
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×(
M
1.4M⊙
)1/3 (
Rns
106 cm
)−5/2
G (1)
where P , M , Rns denote the spin period, mass,
and radius of the NS, respectively. The term L
denotes the luminosity at which the propeller ef-
fect occurs and the co-rotation radius equals the
Alfve´n radius. The model dependence factor η ∼
0.5–1 is obtained from the definition of the Alfve´n
radius RA = η RA0. The ideal Alfve´n radius RA0
is defined in equation (27) in Ghosh and Lamb
(1979).
Consequently, we can derive the surface mag-
netic field of the NS to be (0.5–1.6)×108 G for
4U 1608−52 and (0.6–1.9)×108 G for Aql X-1.
Here, we adopted spin periods of 1.62 ms for
4U 1608−52 (Hartman et al. 2003) and 1.82 ms
for Aql X-1 (Zhang et al. 1998b).
3.2. Comparison with Previous under-
standing as Propeller Effect
As the evidence of the propeller effects, Soft-to-
Hard spectral transitions accompanied with a sud-
den flux decrease during a outburst decay phase
observed in Aql X-1 (Campana et al. 1998; Zhang
et al. 1998) as well as 4U 1608−52 (Chen, Zhang
& Ding 2006) have ever been suggested. However,
such an incident that characterized by the simulta-
neous flux decrease and spectral change may occur
not only by the propeller effect but also in the in-
ner disk-state transition from the optical thick to
the thin one (e.g., Asai et al. 2012). Actually,
Maccarone and Coppi (2003) pointed out that the
propeller effect is not the sole cause of the spectral
transitions because the transition luminosities at
the outburst rise and the decay phases are signif-
icantly different. Therefore, to identify the pro-
peller effect correctly, we need to distinguish it
from the inner disk transition. The previous stud-
ies on the propeller effects did not take account of
the disk transition properly. Thus, their estimates
on the propeller level may not be appropriate.
Using the MAXI/GSC and Swift/BAT data
covering the wide energy band with more fre-
quent observations and moderate sensitivity, we
were able to separate the two transitions clearly,
although we cannot see a hardness change of
BAT/GSC hardness ratio by propeller effect
clearly since the data is poor in statistics. This
is remarkably different from the previous works.
However, our estimates of the magnetic field
strengths on both 4U 1608−52 and Aql X-1 were
almost consistent with the previous results (al-
though ours are slightly small). This is because
the two transition luminosities for the inner disk-
state transition and the propeller effect are rather
close (within a factor of ∼ 5).
3.3. Knee Features in the Light Curve of
the Outburst Decay
Powell, Haswell, and Falanga (2007), hereafter
referred to as PHF2007, reported a knee feature
(they labeled it as a “brink”) in the light curve
of outburst decay phase, due to the change of the
accretion rate coupled with the disk irradiation. If
the “brink” occurred, the decay tendency would
change from the exponential to the linear. This
feature has been recognized in both NS-LMXBs
and BH-LMXBs. In fact, our light curves (figure
1) also show the “brink” feature characterized by
the transition from the exponential to the linear
decline in the Soft state of 4U 1608−52 marked
with SIII, and that of Aql X-1 marked with SIV.
The luminosity at “brink” is ∼1.6×1037 erg s−1
in 4U 1608−52 and ∼3.8×1037 erg s−1 in Aql X-
1. Campana et al. (2013) reported the “brink”
features in both SII and SIII of Aql X-1.
The rapid luminosity decrease in the Hard-High
to the Hard-Low state transition discussed so far
may resemble the “brink” feature. However, the
number of data points are too small to make de-
tailed analysis, and consequently, we can fit the
decay curve with either of a single linear func-
tion, or a single exponential function. Note that
4U 1608−52 (I) has 6 data points in the decay
part, and Aql X-1 (II) has only 2 data points. The
decay part of 4U 1608−52 (III) is difficult to be
defined because the rapid luminosity decrease oc-
curred several times. Therefore, it was difficult
for us to perform useful fittings. However, the
rapid luminosity decrease occurred at the end of
the long-lasting (∼ 100 days) Hard-high state. It
does not occur when the flux is decaying monoton-
ically from the outburst peak in which the “brink”
was observed. Thus, the feature of transition from
the Hard-High to the Hard-Low state is most prob-
ably the propeller effect. Here, note that we de-
rived the cut-off luminosity of the propeller effect
making the luminosity dwell-time distribution in
figure 3 because of no useful fitting analysis.
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3.4. Application to XTE J1701−462
The propeller effect occurred in the Hard-state
period in 4U 1608−52 and Aql X-1. However, the
inner disk state and propeller effect are indepen-
dent issues. Depending on the magnetic fields
and spin period, the propeller effect can occur
in the higher or the lower luminosity than that
of the inner disk transition. A rapid luminos-
ity decrease was observed in a transient Z source,
XTE J1701−462 (Lin et al. 2009a; Fridriksson et
al. 2010). The root cause of that rapid decrease
has not been understood yet. In this subsection,
we apply our understanding of the propeller effect
to the observed XTE J1701−462 data.
3.4.1. Previous works on XTE J1701−462
The transient X-ray source on the Galactic
plane, XTE J1701−462, flared up to the super-
Eddington luminosity in 2006, and then contin-
ued the activity for more than 18 months. The
RXTE (Bradt et al. 1993) / ASM (Levine et al.
1996) continuously monitored the flux is down to
near-quiescence. The source transformed from the
Z-type into the Atoll-type as the luminosity de-
creased (Homan et al. 2007a, 2007b, 2010). It
also exhibited a rapid luminosity decrease in the
outburst decay phase. We plot, in figure 4a, the
ASM light curve obtained from the data archive
provided by the RXTE-ASM team at MIT and
NASA/GSFC 5, where observed count rates are
converted to the luminosities in 2–10 keV band by
assuming that the spectrum is Crab-like (Kirsch
et al. 2005) and the distance is 8.8 kpc (Lin
et al. 2009b). The rapid decrease started on
MJD∼54303, which accords to the epoch when the
transition in the color–color diagram from the Z-
type to the Atoll-type occurred (Lin et al. 2009a).
The curves before the onset, MJD∼54300, can be
fitted with a Gaussian function of a width ∼70 d,
as overlaid on the data in figure 4a.
Lin et al. (2009a) also reported that the Atoll-
state period can be divided into the Soft state (SS)
and the Hard state (HS). The transition from the
Soft to the Hard state occurred on MJD∼54312
(July 31, 2007). This means that the source re-
mained in the Soft state when the rapid decrease
started. We consider it possibly due to the pro-
5 <http://xte.mit.edu/>.
peller effect, and then estimate the surface mag-
netic field on the NS using the same methods ap-
plied to 4U 1608−52 and Aql X-1.
3.4.2. Luminosity dwell-time distribution
We derived the luminosity dwell-time distribu-
tions in figure 4b for the light curve of figure 4b,
where the expected distribution for the Gaussian
decline model in the light curve is overlaid. The
rapid luminosity decrease after MJD = 54300 cor-
responds to the lower cut-off in the luminosity dis-
tributions at the level pointed by the arrow, which
is estimated to be 1.8 × 1037 erg s−1. The cut-off
level is also shown on the light curve in figure 4a.
3.4.3. Cut-off luminosity and magnetic fields
The cut-off luminosity coincides with that when
the transition from the Z source to the Atoll source
occurred (Lin et al. 2009a). This cut-off is not
likely to be a “brink” by PHF2007 (described
in subsection 3.2) since the decrease is exponen-
tial (not linear) [see figure 2 in Fridriksson et al.
(2010)]. Thus, it can be interpreted as due to
the propeller effect where the Z–Atoll state tran-
sition may occur as a consequence of the mass-
accretion decrease. The kHz QPOs were observed
from XTE J1701−462 in both the Z-state and the
Atoll-state (Sanna et al. 2010). Based on the ob-
tained QPO variation, they proposed that the ac-
cretion flow around the NS changed in the Z–Atoll
state transition. This hypothesis is consistent with
our propeller-effect interpretation.
Since XTE J1701−462 had kHz QPOs, let us
assume that the spin period of the NS is in the
order of milliseconds. Then the surface mag-
netic field strength is deduced to be the order of
109 G. Ding et al. (2011) derived the surface mag-
netic field strength of XTE J1701−462 as ∼(1–3)
×109 G from the interaction between the mag-
netosphere and the radiation-pressure-dominated
accretion disk. Our result is consistent with their
result.
Fridriksson et al. (2010) discussed a possibility
of the propeller effect for this rapid decrease, and
mentioned that there are “several serious prob-
lems in general interpretation” of the outburst
decay rate in NS transitions. One of the “seri-
ous problems” is in the fact that not only NS-
LMXB but also black-hole transients have shown
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similar rapid-decreasing decay features (Chen et
al. 1997:Jonker et al. 2004). Indeed, the rapid-
decreasing decay features were observed in NS-
LMXB transients, black-hole transients and also
Cataclysmic variables (e.g., Gilfanov et al. 1998
and references therein). The common interpreta-
tion of “outer-disk thermal instability” (e.g.Meyer
& Meyer-Hofmeister 1981; Mineshige & Wheeler
1989) is proposed (Chen et al. 1997; King & Rit-
ter 1998; Gilfanov et al. 1998). The “brink” in
PHF2007 is due to the “outer-disk thermal insta-
bility” and we were able to distinguish them from
the propeller effect. Therefore, we consider that
there is no “serious problem” in the propeller ef-
fect interpretation on the observed rapid luminos-
ity decrease in this NS-LMXB.
3.4.4. Modification of the simplified model of
LMXB
We have seen in the previous subsection that
the rapid luminosity decrease of XTE J1701−462
can be understood as the propeller effect. The
simplified picture of NS-LMXBs in MA2013 pro-
posed the classification of the spectral states of
4U 1608−52 and Aql X-1 by the combination of
the inner disk-state and the propeller-state (ta-
ble 2). Let us define the transition luminosity of
the disk-state and the propeller-state as Ldisk and
Lprop, respectively. In the case of Lprop < Ldisk
including 4U 1608−52 and Aql X-1 (top in ta-
ble 2), the observed X-ray spectrum is supposed
to undergo the Soft, Hard-High, Hard-Low, and
no-accretion state in this order as the luminos-
ity decreases. In the other case of Ldisk < Lprop
like XTE J1701−462 (bottom in table 2), it will
change in the order of the Z-like Soft, Atoll-like
Soft (Atoll banana), and Atoll-like Hard (Atoll is-
land) state, instead.
Depending on the magnetic-field strength and
the spin period which are specific parameters for
each NS-LMXB, the propeller effect may occur in
either the Soft state or the Hard state. When a
propeller effect occurs, it is expected that the ther-
mal emission from the NS surface would decrease
and the non-thermal one from the surrounding gas
would become conspicuous. In addition, Rappa-
port et al. (2004) noticed that even in the pro-
peller effect the spectrum will change in a weak
intensity, since a part of inflow gases would leak
onto the NS. There is a 1 Hz QPO observations
in another transient LMXB, SAX J1808.4−3658
(Patruno et al. 2009). The timing information
might be an important information in connection
with the propeller effect. For further investiga-
tion of the propeller effect, various observations
and analysis of light curves and spectra for many
sources would be needed.
4. Summary
We analyzed the light curves and the luminos-
ity dwell-time distributions in the Hard-state pe-
riods of 4U 1608−52 and Aql X-1, obtained by
MAXI/GSC. The luminosity distributions show a
peak with a steep cut-off in the lower luminosity
side. This cut-off corresponds to a rapid lumi-
nosity decrease in the outburst decay phase. The
cut-off luminosity is ∼ 1.0 × 1036 erg s−1 in both
4U 1608−52 and Aql X-1.
Any NS-LMXB has two qualitative radii; the
Alfve´n radius and the co-rotation radius. When
the former exceeds the latter as the luminosity de-
creases, the propeller effect is expected to occur.
The cut-off can be interpreted as due to the effect.
The obtained cut-off luminosities imply the sur-
face magnetic fields on the NS, (0.5–1.6) ×108 G
in 4U 1608−52 and (0.6–1.9) ×108 G in Aql X-1.
We applied the propeller-effect interpreta-
tion to the light curve of a transient Z-source,
XTE J1701−462, obtained by RXTE/ASM. This
source also showed a rapid luminosity decrease,
but that occurred in the Soft state. The deduced
surface magnetic field is in the order of 109 G
and consistent with the previous work. Thus, the
rapid luminosity decrease in this source can also
be due to the propeller effect regardless of the
spectral states.
The authors acknowledge the MAXI team for
MAXI operation and for observing and analyzing
real-time data. They also thank the Swift-BAT
team for providing the excellent quality data in
the public domain. This research was partially
supported by the Ministry of Education, Culture,
Sports, Science and Technology (MEXT), Grant-
in-Aid No. 20244015 and 24340041.
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A. Luminosity Dwell-Time Distribution
In order to study the relation between the light curve and its luminosity dwell-time distribution, we
present, in figure 5, those for three typical light curves: a random variation in the logarithmic scale, an
exponential decrease, and a Gaussian decrease. In case of a random variation in the logarithmic scale,
the dwell-times are constant and independent of luminosity values if the histogram-bins are chosen to have
an equal width in the logarithmic scale (top panel). When the luminosity varies between Lmin and Lmax,
the luminosity dwell-time distributions exhibit equal heights between Lmin and Lmax. In the exponential
decrease, the dwell-time also becomes constant because the luminosity decrease is represented by a straight
line in the logarithmic scale (middle panel). In the case of a Gaussian decrease, luminosity decreases more
rapidly, which reduces the dwell-time in in lower luminosities (bottom panel).
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Fig. 1.— GSC light curves (2–10 keV:top), BAT light curves (15–50 keV:middle), and the hardness ratios
(BAT/GSC:bottom) for 4U 1608−52(left) and Aql X-1(right) since the start of the MAXI observation in
August 2009 (MJD = 55058). Vertical error-bars represent 1-σ statistical uncertainties. Roman numerals
denote the Hard-state periods and “SII−IV” indicates the Soft-state periods.
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Fig. 2.— Magnified light curves of three Hard-
state periods of 4U 1608−52 (I), (III) and Aql X-
1 (III) in figure 1. Dashed lines represent cut-off
luminosities indicated by arrows in figure 3. The
two jumping points in 4U 1608–52 (III) at MJD
= 55856 and 55930, and the five jumping points
in Aql X-1 (II) at MJD = 55198, 55214, 55256,
55420, and 55424 are due to type-I X-ray burst.
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Fig. 3.— Luminosity dwell-time distributions in three Hard-state periods of (a) 4U 1608−52 (I), (b)
4U 1608−52 (III), and (c) Aql X-1 (II). The width of each bin is chosen to be equal in the logarithmic scale.
The histogram with the dotted line includes data with a significance of more than 1σ, and that with the
solid line employs data with a significance of more than 4σ. The arrow in each figure indicates a steep cut-off
in the lower side, which corresponds to a rapid luminosity decrease. This cut-off luminosity is shown by the
dashed lines in figure 2.
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Fig. 4.— Light curve (a) and luminosity dwell-time distribution (b) of XTE J1701−462 from MJD 54215
to 54400. In the light curve (a), the data until MJD=54300 are fitted with a Gaussian function, as drawn
in a solid curve. In the luminosity distribution (b), the histogram with the dotted line includes data with
a significance of more than 1σ, and that with the solid line employs data with a significance of more than
4σ. The luminosity distribution for the model is drawn in a solid curve. The arrow indicates a steep cut-off
in the lower side, which corresponds to the rapid luminosity decrease. This level of the cut-off luminosity is
indicated with a dashed line on the light curve.
Fig. 5.— Schematic drawing of light curves (left panels) and luminosity dwell-time distributions (right
panels) in three typical cases of random variation in the logarithmic scale (top), an exponential decrease
(middle), and a Gaussian decrease (bottom).
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Table 1: Summary of Hard-state periods of 4U 1608−52 and Aql X-1.
Period Start datea (MJD) End datea (MJD) Sub-state in Hard state b
4U 1608−52
I 55058 55253 Hard-High and Hard-Low
II 55274 55643 Hard-Low
III c 55732 56180 Hard-High and Hard-Low
Aql X-1
I 55058 55152 Hard-Low
II 55171 55450 Hard-High and Hard-Low
III 55479 55855 Hard-Low
IV 55904 56178 Hard-Low
aSoft-to-Hard transitions occurred on the start dates and Hard-to-Soft transitions occurred on the end dates.
bDefined by MA2013. See text.
cDuring this period, “mini” outbursts are seen at around MJD = 55994, 56031, 56080, and 56152. The hardness ratio variation
behaves as Hard-to-Soft transitions in the first two (around MJD = 55994 and 56031), although the luminosities did not exceed
the typical transition luminosity of 1× 1037 erg s−1. The latter two (around MJD = 56080 and 56152) were not clear because
of poor statistics of the BAT data.
Table 2: Spectral states and propeller effect in the three NS-LMXBs: 4U 1608−52, Aql X-1, and
XTE J1701−462
Luminosity State Propeller Disk
4U 1608−52 and Aql X-1
high Soft no, RA < Rc optically thick
l Hard-High no, RA < Rc thin
low Hard-Low yes, Rc < RA thin
XTE J1701−462
high Soft (Z-like Soft) no, RA < Rc optically thick
l Soft (Atoll-like Soft) yes, Rc < RA thick
low Hard-High (Atoll-like Hard) yes, Rc < RA thin
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